Abstract: Studies on the stable hemiaminals and Schiff bases formation in the reaction of substituted benzaldehydes with primary 3,5-dimethyl-1,2,4-triazole 4-amine were carried out under neutral conditions. These products were investigated by IR, Raman, MS, 1 H-and 13 C-NMR spectra as well as by X-ray crystallography. The effect of reaction conditions: temperature, polarity of the solvents utilized, substrate concentration and the ortho and para benzaldehyde substituents on the yield of products was also examined.
Introduction
1,2,4-Triazoles and their derivatives have attracted significant attention in several different areas. These nitrogen-rich compounds represent one of the most biologically active classes of the chemical
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species. This arises from their ability to bind to a variety of enzymes and receptors in biological system via diverse non-covalent interactions [1] [2] [3] . The antimicrobial activity 3,5-dimethyl-1,2,4-triazole derivatives has been reported [4] . The Schiff bases obtained from 4-amino-3,5-dimethyl-1,2,4-triazole inhibit endocytosis [5] and in copper(II) complexes inhibit protein tyrosine phosphatases [6] . Additionally, 4-Amino-3,5-dimethyl-1,2,4-triazole is a very interesting bridging ligand. It coordinates with Mn(II), Co(II) [7] , Cu(II) [8] and mixed valence cobalt [9] forming trinuclear coordination compounds which exhibit very interesting magnetic properties. Polymeric Ag(I) complexes with amino-triazole acting as a tridentate-N donor ligand were also obtained [10] . Trinuclear azide complexes of Cu, Co, Ni, Zn, Mn and Cd were investigated as energetic materials [11] . The inhibitive effect of 3-methyl-4-amino-1,2,4-triazole on the corrosion of copper-nickel alloys has been reported [12] . Furthemore, 4-amino-1,2,4-triazoles and its 3,5-dimethyl derivative readily react with alkylated agents at the N-1 position forming low melting points ionic liquid salts [13] .
It is well known that the primary and secondary amines react by nucleophilic addition with carbonyl compounds to give intermediate tetrahedral addition products called hemiaminals [14] as a first step of condensation reaction [15] . The next step is the dehydration of that compound which leads to the formation of stable imines, enamines, hydrazones and related compounds [16] . Typically, the hemiaminals are short-lived species. They are sometimes detected by spectroscopic methods: IR [17] , NMR [18] [19] [20] and by X-ray observation [21] . The tetrahedral carbinolamine group can be stabilized also by metal ions. Nitrogen-containing aromatic heterocyclic aldehydes react with di-(2-picolyl)amine in presence of Zn 2+ salts to form labile tris-(2-picolyl) hemiaminal zinc complexes [22] . Rhodium (III) complexes of o-diphenylphosphinobenzaldehyde react with dihydrazones to give ionic species with a new tridentate PNN-hemiaminal type ligand [23] .
One of the stable hemiaminals was obtained as a solid in the reaction between trifluoroacetaldehyde and a secondary amine, N-benzyl piperazine. Fluoral acts as an efficient nucleophilic trifluoromethylating agent towards non-enolizable carbonyl compounds under mild conditions [24] . The stable-in-solution hemiaminals were prepared in the reactions of methyl 3,3,3-trifluoropyruvate and benzylic monoamines and diamines. A similar product obtained from aniline was stable only under inert atmosphere but not in solutions [25] . Hexafluoroacetone reaction with 2-(aminomethyl)aniline also results in a stable tetrahedral product with benzylic amino group [26] . Another stable hemiaminal was obtained from 4-cyclohexyl-3-thiosemicarbazide and di-2-pyridyl ketone [27] . In this case, the formation of a carbinolamine was strongly dependent on the intramolecular hydrogen interactions between N-H···N and O-H···N (py) atoms. The addition of LiBH4 or the Grignard nucleophilic reagents MeMgCl and PhMgBr to amides is another way of making stable hemiaminals. Aromatic, alkyl and α,β-unsaturated N-acylpyrrole derivatives or one-carbon bridged amides allow one to obtain stable products with good yields [28, 29] . Recently, the stable hemiaminals coming from the reaction between 4-amino-1,2,4-triazole and nitro-substituted [30] or cyano-substituted [31] benzaldehydes in acetonitrile under neutral conditions were also obtained. Eleven of them were structurally and spectroscopically characterized.
The present paper describes a novel application of 4-amino-3,5-dimethyl-1,2,4-triazole in the preparation of stable hemiaminals. The effects of temperature, solvent, structure and concentration of the reagents on the product yields and stability are considered. Our results can contribute to a better understanding of the mechanism of hemiaminal formation from aminotriazoles and benzaldehydes.
Results and Discussion
By using a published method, 4-amino-4H-3,5-dimethyl-1,2,4-triazole (1) was obtained from one-pot solvothermal reaction of acetonitrile with hydrazine hydrate [32] . The syntheses of (aryl)(3,5-dimethyl-4H-1,2,4-triazole-4-ylamino)methanol (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) and N-benzylidene-4H-3,5-dimethyl-1,2,4-triazole-4-amine (15, 16) derivatives were accomplished according to the reaction outlined in Scheme 1. It should be noticed that the stable hemiaminals are formed only from aromatic aldehydes containing electron-withdrawing groups or atoms. Scheme 1. Synthetic pathway for preparation of compounds 1 to 16.
X-ray Diffraction
Suitable crystals for X-ray diffraction were obtained for compounds 2, 5, 9, 10 and 15 ( Figure 1 ). The molecular structure consists of two phenyl and triazole aromatic rings connected with the C1Ph-C-N4Tr-N3Tr sequence. In the hemiaminals, the C and N4Tr atoms are tetrahedral with sp 3 hybridization, which enables formation of four stereoisomers (RS, SR, RR and SS). For imine 15, there is a C=N4Tr double bond with sp 2 hybridization. The general atom numbering and selected parameters are summarized in Table 1 . The hemiaminal molecules in 2, 5, 9 and 10 form a centrosymmetric (RS-SR) dimer linked by a O-H···N1Tr hydrogen bond (see Figure 2) . A strong π-π interaction involving pairs of triazole rings additionally stabilizes the dimers (Table 2 ). The structures presented above differ from those obtained by us earlier [30, 31] where hemiaminals derived from 3,5-unsubstituted triazoles occur in two conformers: stretched (with configuration RS or SR) and twisted (RR or SS). Furthermore, in the title compounds the centrosymmetric dimers are observed whereas hemiaminals described by us previously [30, 31] form infinite polymeric chains or noncentrosymmetric dimers.
Spectral Studies
The characteristic IR and Raman spectral bands of hemiaminals are given in Table 3 . Characteristic strong ν(C=O) stretching vibration at about 1700 cm −1 observed in the infrared spectra in aromatic aldehydes, as well as bands observed at 3243 cm which were assigned to the νasNH2, νsNH2 and σ,ωNH2 vibrations [33] respectively for 4-amino-3,5-dimethyl-1,2,4-triazole, disappear after condensation reaction. A comparison between the NH and OH stretching bands, which were observed for hemiaminals, shows that they appear in the same spectral region. In the IR spectra, the strong OH bands sometimes mask the weaker NH absorption, but in the Raman spectra, the OH bands are very weak [34] . The -OH stretching vibration of the hydroxyl group is observed as a distinct peak at about 3200-3300 cm Table 1) . The intramolecular hydrogen bonding interactions of C-OH with N2tr observed in the crystal structures are confirmed by an additional broad shallow -OH stretching peak observed at about 3100 cm is assigned to the stretching vibration of -NH. The NMR spectra were obtained in the DMSO solution. DMSO is one of the most polar and aprotic solvents with a high dielectric constant and, due to this, properties of the dissolving species do not come together to agglomerate. For that reason, the hydrogen bonds observed in the solid state are not detected in the 1 H-NMR spectra. In the 1 H-NMR spectra of the compounds 2-16, the singlet at δ 5.73 ppm, assigned to the NH2 protons of the starting compound 1, disappeared and additional resonances assigned to the C-NH-N, C-OH and CH-N for 2-14 (Table 3 ) and -CH=N-(δ = 9.17 and 9.16) for 15 and 16 were detected which confirmed the condensation between the amino and the carbonyl groups.
The proton signals of the methyl triazole substituents (1-16) were observed as singlet at δ 2.25 ppm for amine and were shifted to a lower field in the order: amine-hemiaminal-schiff base (δ(CH3) = 2.25; 2.34 and 2.59 ppm for 1, 4 and 15, respectively). The 13 C-NMR spectra of R1C*H(OH)NHR2 showed a characteristic signal δC* at 79.1-80.8 ppm for ortho, at 82.2-83.3 ppm for meta and at 83.2-83.9 ppm for para substituted R1 aromatic ring.
Hemiaminal Stability in Solution
The hemiaminal under investigation were stable for a long time in the crystalline form. This observation does not apply to the compounds in solution. The time dependent changes in the 1 H-NMR spectra were used to determine the decomposition of the hemiaminals in DMSO solution at room temperature (Scheme 2).
Compounds 2, 4, 5 and 9 decompose slowly mostly to substrates ( These observations agree well with the theoretically examined Schiff base formation mechanism from benzaldehyde and 4-amine-4H-1,2,4-triazole [35] . The reaction takes place in two steps. In the first step, the hemiaminal is formed. The formation of Schiff base through the water molecule elimination requires an internal equilibrium between the twisted conformation of hemiaminals. The 1 H-NMR spectral data for all stable hemiaminals obtained from 4-amino-3,5-dimethyl-1,2,4-triazole showed that they are stretched conformers. The coupling of NH protons with vicinal CH protons is about 7 to 8 Hz (Table 3 ). The coupling constant 3 J(CH-NH) for 2-pyridinyl hemiaminal 17 is smaller (4.96 Hz) which indicates that the twisted isomer dominates in solution [36] .
Hemiaminal Formation-Effect of Substituents.
To gain a better understanding of the substrate structure effect on the hemiaminal formation, a series of 2-and 4-substituted benzaldehydes was examined, focusing on their reaction with 1 in a 1:1 stoichiometry in CH3CN solution. The reaction mixtures were stirred at 50 °C over 9 h. After solvent evaporating, the remaining solids were investigated by 1 H-NMR in DMSO solution. The good correlation between the imine and hemiaminal formation and electronic effects of the substituents is observed only for para derivatives (Figure 5a ). From the theoretical studies [35, 37] it is known that the N-H amine bond is broken first and then the hydrogen atom is transferred to the aldehyde O atom forming an O-H bond. Subsequently, the C-N bond is formed. It seems that the hemiaminal formation must be dependent on the carbonyl C atom electrophilicity. Benzaldehydes containing electron-withdrawing (-R) substituents reduce the hemiaminal formation in order: NO2 > CN > CF3 > CHO > H. Opposite to this, in the case of the substituents containing electron-donating groups (+R), the formation yield increases in order: OH < OCH3 < CH3 < F < Cl < Br < H. The next step of reaction is water molecule elimination from hemiaminal. [38] . All reaction were performed using 0.172 mmol of substrates in CH3CN (2 mL) at 50 °C. Product yields were obtained from the CH3 1 H-NMR signals in the region of 2.00-2.50 ppm.
The C-OH bond is broken first. Then, the N-H bond is broken and finally an imine and water are formed. It seems that the stability of the C-OH bond is also dependent on the phenyl ring substituent and this relation is opposite to that described above for hemiaminal formation. The C-O bond is being broken more easily for +R than for −R substituents.
The effect of ortho substituents on the condensation product reaction is more complex (Figure 5b ) than for para substituents and could not be explained by the differences in electrophilicity of the carbonyl C atom.
Hemiaminal Formation-Solvent Effect
The condensation reaction of 2-nitrobenzaldehyde with 4-amino-3,5-dimethyl-1,2,4-triazole was studied in 12 different organic solvents. The solvent effect on the reaction rate and efficiency was investigated by the 1 H-NMR spectroscopy ( Table 4) . The results indicate a higher hemiaminal content in apolar aprotic solvents than in dipolar aprotic media. The hemiaminal yield increases with solvent hydrophobicity, whereas a polar solvent shifts the equilibrium towards the Schiff base formation. Although, at first sight, it is surprising that increasing solvent polarity diminishes the hemiaminal content, this is understandable in terms of changing substrates and products dipole moment. The rate of the first step of condensation decreases with increasing solvent polarity because the activated complex must be less dipolar than the reactants. It means that the dipole moment of the activated complex should be less than the sum of the reactant dipole moment [39] . From the theoretical study [35] , it is known that the hemiaminal, as an intermediate of the condensation, is non-ionic. On the other side, due to the strong intermolecular hydrogen interaction, the existence of dimers is possible, which can reduce the polarity of a hemiaminal. The strong influence of the solvent on the second step of the formation of Schiff base and elimination of the water molecule was also observed. The rate is slowest in polar aprotic solvents with high dipole moment. It seems that the activated complex, which leads to the Schiff base, appears to be less dipolar and hence less strongly solvated. In the aprotic electron-pair donor solvents with small dipole moments, the rate of this step is faster. In the hydrogen bonding solvent such as water or iso-propanol, the hemiaminal formation can proceed via a zwitterionic intermediate. The calculations of zwitterion formation between methylamine and formaldehyde have been performed [40] and found that two water molecules reduce the reaction barriers of proton-transfer step [41] . As indicated in Table 4 , the water role in the 2-nitro hemiaminal formation in acetonitrile solution is not restricted only to solvent effects [42] , as water also acts as a reactive species. The catalytic properties of water molecules in this reaction were thought to be essential in order to facilitate the nucleophilic attack of the amine on the carbonyl group and the proton transfers from amine to water molecule and from water to aldehyde oxygen. The rate for the first step of condensation reaction of 1 with 2-nitrobenzaldehyde depends on the water content in acetonitrile and maximum rate acceleration was observed at 15% by volume water in acetonitrile (Table 4 ).
Hemiaminal Formation-Benzaldehyde Concentration and Temperature Effect
The 4-amino-3,5-dimethyl-1,2,4,-triazole is in dynamic equilibrium with the reactant aldehydes. In order to determine the experimental conditions that favor the shift of the equilibrium toward the hemiaminal as a product, the effects of temperature and benzaldehyde concentration were determined using 2-and 4-nitro substituted benzaldehydes. As can be seen (Figure 6 ), the highest hemiaminal yield was obtained in the upper range of the aldehyde to amine molar ratio. In Table 5 , the values of molar ratio K calculated for the formation of hemiaminal 2 and respective Schiff base (from the amine 1 and 2-nitrobenzaldehyde) in acetonitrile at different temperatures are presented. The results show that the temperature increase favors the imine formation. However, it must be noticed that the summary yield of products (HA + SB) at all temperatures is about 30%. This probably indicates that the first step of the reaction-the hemiaminal formation-is a reversible and exothermic process [43] . The second step of Schiff base formation is endothermic. 
Hemiaminal-Aldehyde Interchange Reaction
Finally, the aromatic aldehyde interchange reaction in DMSO solution at room temperature was studied by the 1 H-NMR. The spectra in Figure 7 show that upon addition of 2-nitrobenzaldehyde and 4-nitro substituted hemiaminal 4 (12.5 mM) in molar ratio 2:1, respectively, in DMSO-d6 at 25 °C, a new signal appears in the hemiaminal proton region. The above experiments also show that the metathesis reaction is occurring quite slowly and that the first step of this process is the hemiaminal disintegration to amine and aldehyde (Scheme 3). 
Experimental Section

Materials and Physical Measurements
The reagents and solvents employed were commercially available and used as received without further purification. Elemental analyses were carried out with a CHNS Vario EL III analyzer (Elementar Analysensystem GmbH, Hanau, Germany). The NMR spectra were recorded on a Bruker 300 or 500 MHz spectrometer (Bruker, Poznań, Poland) using solvent as an internal standard. The mass spectra of electrospray ionization (ESI)-MS were obtained on MicrOTOF-Q mass spectrometer (Bruker). The Fourier transform IR spectra were recorded from KBr pellets in the range of 400-4000 cm 
X-ray Crystallography
Single crystal X-Ray diffraction data were collected at Xcalibur four-circle diffractometer (Wrocław, Poland) with graphite monochromated Mo Kα radiation (λ = 0.71073 Å) at 298 K (2, 5, 15) and 100 K (9, 10) using an Oxford Cryosystem adapter [44] and CC. Data collection and data reduction CrysAlisPro, Agilent Technologies [45] program used. The structures were solved by direct methods with SHELXS and was refined by a full-matrix least squares method using SHELXL97 programs [46] . CCDC 1412796-1412800 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-1223-336033; E-Mail: deposit@ccdc.cam.ac.uk).
Synthesis of Hemiaminals 2-14
Compounds 2-12 were synthesized according to the following general procedure. A mixture of equimolar amounts (0.54 mmol) of MeATR (1) and a suitable aldehyde ArCHO (in molar ratio 1:1) were dissolved in acetonitrile (5 mL) and refluxed for 3 h. After removing volatile components, the raw solid products was washed with cold acetonitrile and dried in air. Crystals of four hemiaminals were obtained upon slow evaporation of the solvent from the reaction mixtures. 
Synthesis of Imines 15-16
Schiff basses were prepared according to the following general procedure. A mixture of equimolar amounts (0.5 mmol) of MeATR (1) and an appropriate aldehyde ArCHO (in molar ratio 1:1) were dissolved in acetonitrile (3 mL) with presence of catalytic amounts of hydrochloric acid (2 drops, 36%,). The reaction mixture was then refluxed for 3 h. After cooling, the precipitate formed was filtered off, washed with small amount of cold acetonitrile and then dried in the air. efficiency. In this respect, the solvent polarity, the presence of water and its catalytic performance are important factors. A simple relationship between temperature and the product yield as well as the metathesis phenomena observed in this work led to the conclusion that the first stage of condensationthe creation of a hemiaminal-is an exothermic process, while the second-a Schiff base formation-is an endothermic process.
